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ABSTRACT: An important step toward understanding
interactions between nanoparticles (NPs) and bacteria is the
ability to directly observe NPs interacting with bacterial cells.
NP−bacteria mixtures typical in nanomedicine, however, are
not yet amendable for direct imaging in solution. Instead,
evidence of NP−cell interactions must be preserved in
derivative (usually dried) samples to be subsequently revealed
in high-resolution images, for example, via scanning electron
microscopy (SEM). Here, this concept is realized for a mixed
suspension of model NPs and Staphylococcus aureus bacteria.
First, protocols for analyzing the relative colloidal stabilities of
NPs and bacteria are developed and validated based on
systematic centrifugation and comparison of colony forming
unit (CFU) counting and optical density (OD) measurements.
Rate-dependence of centrifugation eﬃciency for each component suggests diﬀerential sedimentation at a speciﬁc predicted rate
as an eﬀective method for removing free NPs after co-incubation; the remaining fraction comprises bacteria with any associated
NPs and can be examined, for example, by SEM, for evidence of NP−bacteria interactions. These analytical protocols, validated
by systematic control experiments and high-resolution SEM imaging, should be generally applicable for investigating NP−
bacteria interactions.
The unique physicochemical properties of nanoparticles(NPs) are the basis for their potential applications in
nanomedicine, whereby NPs interacting with cells provide a
means for detecting, monitoring, or controlling cell functions
via nonbiological properties of NPs (magnetic, electronic,
optical, mechanical).1−3 Interactions of NPs with bacterial cells,
for example, have been studied for overcoming antibiotic
resistance,4,5 biosensing,6−9 and gene delivery.10
Despite the signiﬁcant progress in characterizing interactions
between NPs and bacteria,11−14 an important remaining
challenge is the lack of a general method that can provide
direct, systematic, and quantitative observations of NPs
interacting with bacteria. The current approaches tend to
primarily focus on biological or physical aspects of such
samples. A commonly used biological assay, for example, tests
the antimicrobial eﬀect of NPs by evaluating the bacterial
viability after exposure to NPs.15,16 Physical aspects of NP−
bacteria interactions tend to be analyzed by high-resolution
imaging techniques, such as electron,8,9,11,12,14 atomic force,17
or Raman13 microscopies, which can provide direct and
quantitative information about NPs and cells (such as
proximity, penetration, aggregation) but typically not directly
in solution environments where NPs and bacteria interact.
Artifacts introduced during preparation for imaging, therefore,
can obscure evidence of NP−bacteria interactions.
If a protocol can be developed to minimize sample-
preparation artifacts, scanning electron microscopy (SEM)
would oﬀer signiﬁcant beneﬁts for imaging NPs interacting with
bacterial cells. Field-of-view (FOV) dimensions accessible by
SEM enable capturing statistically signiﬁcant numbers of
resolved individual cells within a single image [Figures S1−S2
in the Supporting Information (SI)].18,19 The high spatial
resolution and depth-of-ﬁeld of SEM also enable simultaneous
observation of μm-scale objects, such as bacteria, and NPs
resolved individually or in aggregates (Figure 1).
The concentrations of cells and NPs dramatically inﬂuence
the preparation and SEM imaging of NP−bacteria mixtures.
Samples with low concentrations of both cells and NPs (Figure
1e and f) are typically the easiest to image at high resolution;9,20
however, isolated individual areas of such samples (e.g., Figure
S2b, SI) may not be representative of the whole and the low
concentration of NPs may have limited their opportunity to
interact with particular cells in each FOV (Figure 1f).
Conversely, having a high concentration of NPs (or cells) in
mixed samples increases the possibility of observing artifacts
from both preparation and imaging procedures (Figure 1a−
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d).14,15 While it obfuscates evidence of speciﬁc NP−cell
interactions, coating of cells with a dense layer of NPs is
successfully used, for example, in membrane-protein enrich-
ment protocols, which are commonly illustrated with SEM
images resembling our Figure 1a−c.21−24 A high concentration
of NPs during incubation, therefore, provides a simple general
method for ensuring that all the cells had the opportunity to
interact with NPs before having been prepared for imaging.
The key to preparing optimal samples of bacteria and any
associated NPs for SEM imaging is, therefore, in controlling the
NP concentration throughout the process. Speciﬁcally, starting
with an excess of NPs in the incubation solution produces a
mixture of free NPs and NPs associated with bacteria. To avoid
artifacts during imaging, free NPs are then removed before
drying the sample. Conversely, any NPs that became associated
with bacteria during co-incubation may reveal evidence and
properties of the underlying NP−bacteria interactions under
direct, systematic, and quantitative ex situ analysis.
The importance of ensuring that all the free NPs have been
removed after co-incubation depends on the context of an
experiment. For example, when verifying high loading of each
cell with NPs,21−24 including NPs in a form of dense layers
(Figure 1a and b) or aggregates (Figure 1d), even a relatively
high fraction (perhaps, as high as 30%) of free NPs among all
NPs sedimented with cells would not aﬀect the interpretation
of results dramatically. The salient common characteristic of
such experiments is the relative unimportance of distinguishing
between NP−NP and NP−cell interactions. Conversely, when
attempting to investigate speciﬁcity of NP−cell interactions,8,9
any artifacts related to the presence of free NPs need to be
carefully minimized, to avoid misinterpreting the apparent
results, especially in comparative studies of diﬀerent NPs, for
example. This caveat becomes singularly important when
attempting to verify that NP−cell interactions are minimal
(or even absent), as would be required in measurements of
negative controls in studies of speciﬁc NP−cell interactions.
For separating free NPs from a co-incubation mixture, we
propose centrifugation because it relies on the colloidal stability
of bacteria and NPs; the latter can be controlled via
physicochemical properties of NPs and the solvent.25
Furthermore, centrifugation is routinely used for separation
and concentration of bacteria26,27 as well as NPs28,29 or NP-
loaded fragments of cell membranes.21−24 For larger (∼5−15
μm) cells, dense coating with NPs can be suﬃcient to sediment
the NP-loaded cells from an NP-cell mixture based on their
higher density.21,23,24 For mixtures of NPs and submicrometer-
sized bacteria with relatively low NP loading, however, density-
based sedimentation may not be very eﬀective, so more general
colloidal stability diﬀerences have to be used for diﬀerential
sedimentation, especially when a nearly complete removal of
free NPs, as discussed above, is the goal. Here, we demonstrate
a basic example of a systematic methodology for performing a
deterministic separation of free NPs from a co-incubation
mixture, whereby the initial separate measurements of NPs and
cells are used (1) to narrow down the mixed NP-bacteria
samples parameter space (which, a priori, is vast, owing to the
combinatorics of possible mixtures) and (2) to predict the
parameters for separation of mixed NP-bacteria samples. This
analytical separation protocol produces samples of bacterial
cells and any NPs associated with them that can be prepared for
subsequent direct observation by SEM (or by other microscopy
or spectroscopy methods)8,13 to obtain information about NP−
bacteria interactions that occurred during their co-incubation.
■ EXPERIMENTAL SECTION
Nanoparticles with Organic Coatings. Magnetite NPs
were synthesized by coprecipitation (CP) in an automated
reactor or by a hydrothermal method (HT), as described
previously (SI).25 The synthesized NPs were stabilized by
oleate (OL) or poly(acrylic acid) (PAA) capping ligands.
Tetramethylammonium hydroxide (TMAOH) surfactant was
used to transfer hydrophobic as-synthesized OL-coated NPs to
aqueous phase.30 Hereafter, the NPs are denoted by the
capping ligand (PAA or OL) and the synthesis protocol (CP or
HT).
Colloidal Stability of NPs. The iron oxide NPs used in this
work are superparamagnetic,25 so their magnetic properties do
not induce colloidal instability. As described in the text and the
SI, sedimentation threshold during centrifugation was used to
evaluate the colloidal stability of NPs in four aqueous solutions:
NaCl 0.9%, NaCl 0.45%, 0.01 M phosphate buﬀered saline, pH
7.2 (PBS 0.01 M), and distilled water.
Staphylococcus aureus Suspensions. For each experi-
ment, a stock suspension of Staphylococcus aureus (S. aureus)
was prepared as described in the SI. The standard protocol
involves 3 (washing) steps, during which bacteria are pelleted at
8000 rpm and resuspended by vortexing. After the ﬁnal
washing, pellets were resuspended in 30 mL of the desired
Figure 1. Sample-preparation artifacts observed by SEM for mixed
samples of NPs and S. aureus. High concentration of both bacteria and
NPs produces samples with several layers of bacteria covered with a
rough, dense overlayer of NPs (a, b). Low concentration of bacteria
mixed with a high concentration of NPs produces individual bacteria
coated with overlayers (c) or aggregates (d) of NPs. Lowering the
concentration of NPs results in concentration-limiting their attach-
ment to bacteria (e, f).
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aqueous solution and sonicated under conditions that disrupt
cell clusters without impairing cell viability.31 The suspension
was then adjusted to a speciﬁc optical density at 640 nm
(OD640) for individual experiments.
S. aureus Viability. The viability of S. aureus cells was
evaluated in aqueous solutions of the same composition as
those used to test the colloidal stability of NPs. Cell
suspensions were prepared and plated as described in the SI,
followed by comparing the colony forming unit (CFU)
counts.32
Sedimentation Eﬃciency for S. aureus. Sedimentation
eﬃciency for S. aureus in water was determined starting with a
cellular suspension adjusted to OD640 ≈ 0.6. Additional
measurements at OD640 ≈ 0.1 and 0.2 are described in the
SI. For each value of centrifugation rate (1000−8000 rpm), two
separate 5 mL samples of S. aureus suspension were centrifuged
for 5 min. After centrifugation, the OD640 was measured for the
supernatant, which was aseptically decanted to a new tube and
vortexed, and the pellet, which was resuspended in 5 mL of
water, vortexed, and sonicated (as detailed in the SI).
SEM Imaging of S. aureus and NPs. After centrifugation,
each sample (supernatant or resuspended pellet) was ﬁltered
through a sterile 25 mm-diameter polycarbonate ﬁlter with
∼0.2 μm track-etched pores (Whatman, GE Healthcare Life
Sciences) mounted in a funnel assembly connected to a vacuum
pump. The material retained on the ﬁlter was ﬁxed and
dehydrated as described in the SI. Samples were imaged in a
Quanta 650 (FEI) ﬁeld-emission SEM (SI Table S1).
Statistical Analysis. Conﬁdence intervals (CI) of mean
values were calculated using the statistical package of Microsof t
Excel 2010, assuming the Student’s t-distribution with n
replicates (n < 30). The CIs are reported at 95% conﬁdence
level (CL) as mean ± t0.95/2·s/√n (s = standard deviation).
■ RESULTS AND DISCUSSION
Our approach to developing and validating a protocol for
optimal separation and SEM imaging of nanoparticles
interacting with bacteria is summarized in Scheme 1. We
begin by establishing the parameter window for diﬀerential
sedimentation, which we propose to use for removing excess
free NPs (Figure 1a−d) after co-incubation of NPs and
bacteria. Multiple options for choosing NPs and/or solution
conditions (Table 1) make direct sedimentation measurements
for all possible combinations of parameters impractical. Instead,
we ﬁrst evaluate the colloidal stability of NPs and bacteria
separately in systematic centrifugation experiments that are
designed to identify a range of rpm values where free NPs
remain in the supernatant while bacteria sediment (Scheme
1a).
We take advantage of the relatively simple colloidal stability
measurements for NPs to isolate the combination of NP and
solution properties that is likely to produce eﬃcient removal of
free NPs from co-incubation mixtures (Table 1). Colloidal
stability of S. aureus bacteria is then quantiﬁed in the solution
identiﬁed from NP experiments and after validating the
measurement methods. Finally, we compare the observed
sedimentation thresholds with the pattern in Scheme 1a, and
perform the separation (Scheme 1b) followed by SEM imaging.
Colloidal Stability of NPs. A common beneﬁt of using
NPs in biomedical applications is the ability to optimize the NP
coating and solution conditions, for example, to maximize the
desired NP−cell interactions. The same two parameters (NP
coating and solution conditions) aﬀect the colloidal stability
and thus their combination can be optimized for removing free
NPs from mixtures via diﬀerential sedimentation (Scheme 1).
To illustrate our methodology, we consider a series of ﬁve
NPs in which similar superparamagnetic iron oxide cores are
coated with diﬀerent organic shells (Table 1 and the SI).25 The
solution options for NP-cell systems are commonly dictated by
the biological components, such as any antibodies or enzymes
involved in biofunctionalization of NPs and biorecognition as
well as the cells themselves; the need to maintain viability of S.
aureus, for example, determined our solution choices (Table 1).
Having the solution conditions constrained by the biological
component limits applicability of the otherwise common
practice whereby changes in solution conditions (e.g., pH,
ionic strength, or temperature) are used to evaluate the
colloidal stability of NPs.25 Serendipitously, the intended use of
centrifugation suggests the use of sedimentation thresholds for
comparing colloidal stabilities of NPs in one or more solutions.
For each combination of NP type and aqueous solution,
sedimentation threshold, i.e., the lowest centrifugation rate at
which NPs sedimented, was established (Table 1). For each
NP-solution pair, three separate aliquots were tested starting
from 1000 rpm; if sedimentation was not observed, another
three aliquots were tested at a higher rate (in 500 rpm
increments). In all cases, we observed abrupt sedimentation,
i.e., at a given rate, NP suspensions either remained stable or
changed color and formed a pellet (appearance similar to SI
Scheme 1. Diﬀerential Sedimentation: Colloidal Stability
Analysis (a) Predicts the Rate for Eﬃcient Separation (b)
Table 1. Colloidal Stability of NPs under Centrifugation
coprecipitation hydrothermal
poly(acrylic acid) oleic acid + TMAOH
PAA-CP1 PAA-CP2 PAA-HT OL-HT1 OL-HT2
solutions
the lowest centrifugation rate (rpm) at which sedimentation
was observed
NaCl 0.9% 1000 2000 5500 1000 1000
NaCl 0.45% 1000 3000 4000 1000 1000
PBS 0.01M 1000 3500 3000 1000 1000
water 3500 3500 3000 2000 6500
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Figure S3c). Accordingly, thus determined sedimentation
threshold could be used as a quantitative index of relative
colloidal stability.
The highest colloidal stability was observed for OL-HT2
(TMAOH-stabilized) in distilled water (Table 1), which
remained in suspension up to 6000 rpm, suggesting the use
of water as a solvent and OL-HT2 as model NPs for
demonstrating the diﬀerential sedimentation approach
(Scheme 1).
S. aureus Viability. While water has been identiﬁed above
as a good solvent for OL-HT2 NPs, unlike saline solutions,
distilled water is not commonly used to maintain Staphylococcus
viability.33 Keeping in mind the ultimate objectives of studying
interactions of NPs with live bacteria, we started by evaluating
the viability of S. aureus in water.
In a common viability assay for bacterial cells, diluted
aliquots of the bacterial suspension are placed onto a solid
growth medium and incubated overnight. The number of
visible colonies that form after the incubation is counted; the
resulting number of colony forming units (CFUs) can be used
to evaluate bacterial viability, e.g., by comparing with CFU
counts from reference experiments.32,34,35 As detailed in the SI,
we compared the CFU counts for S. aureus after incubation in
water to CFU counts reached after incubation in three other
solvents: PBS 0.01M and NaCl 0.9%, which are commonly
used with S. aureus, and NaCl 0.45%; the latter was chosen as
an intermediate value between water and NaCl 0.9%, to check
for any trends in viability with salt concentration.
In three assays performed on diﬀerent days, we started from
the same initial S. aureus concentration (adjusted to OD640 ≈
0.1) and found countable plates (with 6−9 replicates) in the
same dilution, therefore, the CFU counts could be compared
directly (Figure 2, SI Figure S4), rather than via conversion to
representation as nominal CFU/mL values commonly used in
microbiology.35,36 CFU counts for plates prepared after
incubation for 1 h indicate some variability among results
obtained for diﬀerent solutions or on diﬀerent days (Figure 2),
but the mean values (dark shading in Figure 2) are not
signiﬁcantly diﬀerent, based on the pooled 95% CIs. Mean
CFU counts also were not signiﬁcantly diﬀerent at 95% CL
among plates prepared after incubation for 24 h: 134 ± 57, 97
± 18, 111 ± 20, and 109 ± 16 for water, NaCl 0.45%, NaCl
0.9%, and PBS 0.01M, respectively. Comparing these CFU
counts, we can reach two conclusions about S. aureus viability.
First, there is no signiﬁcant diﬀerence in S. aureus viability after
either 1 or 24 h incubation in the four solutions that we have
examined. Second, there is no evidence of signiﬁcant death or
growth of S. aureus when incubated for up to 24 h in all four
solutions. Accordingly, even though a previous study indicated
a diﬀerence in viability of S. aureus in water vs PBS over several
weeks,35 our measurements validate the use of distilled water in
experiments with S. aureus incubation times ≤24 h.
Our statistical analysis, detailed in the SI, provides additional
important indications. The variability of our results is not
unusual for CFU counting data, which typically are reported in
log10 plots and analyzed in terms of order-of-magnitude
diﬀerences.36,38 Reproducibility (95% CI) of our same-day
replicatesa common quality-assurance indicator37,38is in
±10% to ±20% range, which is in line with best-practice
measurements32,38 and thus would not provide, by itself, a
compelling justiﬁcation for additional measurements after
completing the ﬁrst set of assays. Repeating the assays on
diﬀerent days, however, revealed that the uncertainty of CFU
measurements likely includes a signiﬁcant systematic compo-
nent, in addition to the expected random variation. We
emphasize that the level of variability in our data would be
inconsequential in a typical microbiology context,36 e.g.,
establishing a minimum bactericidal concentration, but it
must be considered when using CFU counting as a bacterial
viability or concentration measurement.
Quantiﬁcation of S. aureus Concentration. Having
veriﬁed S. aureus viability in water, we can proceed to measure
the colloidal stability of these suspensions. Unlike for the case
of NPs (Table 1), however, we do not have the advantage of
abrupt visible sedimentation for bacterial suspensions. Accord-
ingly, to evaluate the sedimentation eﬃciency as a gradual
function of the centrifugation rate, we need to identify a
method suitable for measuring bacterial concentrations.
Turbidity or optical density (OD) is commonly measured for
suspensions of bacterial cells.39,40 At bacterial concentrations
relevant for surface attachment, however, reliably measuring
OD ≈ 0.1 can be a challenge, because blank buﬀers commonly
have OD around 0.03−0.05. CFU counting can reach a lower
detection limit than does OD but is more labor-intensive and
time-consuming than OD measurements. Another important
consideration is obtaining practically useful uncertainty (e.g., of
<50%) for sedimentation eﬃciency values, which involve ratios
of two measurements; therefore, the uncertainty of each
measurement of a bacterial concentration should be <20%.
To test the resolution of OD and CFU methods, three
solutions were prepared to diﬀer by 20% (based on dilution
factors) in bacterial concentration. For a method with
resolution suﬃcient to distinguish these 20% diﬀerences in
concentration, we would expect the measured means to trend
and to be signiﬁcantly diﬀerent across the concentration series.
From the comparison in Figure 3 (and data in SI Table S2),
the resolution of the CFU measurements clearly is not
suﬃcient to distinguish the samples in this range of bacterial
concentrations. For OD measurements, the means trend as
expected and are signiﬁcantly diﬀerent at 95% CL for the two
larger values, indicating that the resolution of OD measure-
ments is suﬃcient for quantifying concentration ratios for
samples with OD ≥ 0.1.
Sedimentation Eﬃciency for S. aureus. The appropriate
initial concentration for the samples is largely determined by
our interest in following sedimentation eﬃciency as a function
of the centrifugation rate, whether that dependence is abrupt
(as we observe for NPs) or gradual. For the latter case, the
Figure 2. Viability of S. aureus after 1 h incubation in water or in salt
solutions. For each solution, CFU counts (in the same dilution) are
shown for 3 separate assays (lighter shading) and their pooled mean
value (outline, dark shading). Error bars indicate 95% CIs, as detailed
in the SI.
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smallest detectable pellet dictates the choice of the initial
concentration. Measuring a pellet formed by as little as 20% of
the sample is practically useful; taking into account the OD ≥
0.1 limit established above, we arrive to OD640 in 0.5−0.6 range
as an appropriate initial concentration.
The data from systematic measurements presented in Figure
4 (and detailed in SI Table S3) validate our approach to
measuring the sedimentation eﬃciency for S. aureus. In
particular, our choices of OD measurements and of the initial
concentration have enabled us to observe the gradual increase
in sedimentation eﬃciency from 1000 to 4000 rpm. The
sedimentation eﬃciency clearly plateaus above 4000 rpm,
indicating a parameter window between 4000 and 6000 rpm for
attempting the diﬀerential sedimentation of bacteria and free
NPs (Scheme 1, Table 1). We repeated the measurements at
1000, 4000, and 6000 rpm (in triplicate for each rpm value) to
conﬁrm the presence of the eﬃciency plateau in the 4000−
6000 rpm range (SI Figure S5) and the reproducibility of our
strategy.
We note that the sensitivity limit of the OD measurements
eﬀectively restricts reliable measurements of the sedimentation
eﬃciency to relatively high initial concentrations of bacteria.
The OD value of ≈0.6 in Figure 4 is actually above the
concentration optimal for incubating with an excess of NPs and
for subsequently depositing the entire sample on the
nanoporous support for SEM analysis. Our attempts to
measure the sedimentation eﬃciency starting from OD values
of 0.1−0.2 (SI Figure S6) were inconclusive because they
produced much larger uncertainties, in agreement with results
discussed in the previous two sections. We believe, however,
that for our objective of producing a representative sample of
bacteria and any NPs that directly interacted with them during
co-incubation, assuring >90% sedimentation eﬃciency is
desirable but not indispensable. For example, if the practical
eﬃciency will enable us to recover about 50% of the bacteria
from the mixed co-incubation sample, that fraction is likely to
be representative of the population that we intend to analyze
because a 50% fraction will not be dominated exclusively by
mutant strains or other similarly low probability artifacts.
Removal of Free NPs after Co-incubation with S.
aureus. Having performed colloidal stability measurements on
S. aureus and NPs separately (Scheme 1a), we proceeded to the
ﬁnal step of the approach outlined in Scheme 1b, whereby the
results of those separate measurements are combined to deﬁne
the parameter window for diﬀerential sedimentation of the
mixed co-incubation sample of S. aureus and NPs. We started
from a co-incubation sample prepared with an excess of OL-
HT2 NPs (as described in the SI) to maximize the possibility
for NP−cell interactions. The mixture was incubated for 1 h,
homogenized by vortexing, and centrifuged for 5 min at 4000
rpm, i.e., the value at which we expected to produce diﬀerential
sedimentation of bacteria (along with any NPs that had become
associated with them during co-incubation), while separating
free NPs into the supernatant (Scheme 1). Both the
supernatant and resuspended pellet were then prepared for
SEM analysis by ﬁltering onto nanoporous membranes
followed by ﬁxation and dehydration. SEM images of the
material retained on the nanoporous membranes are presented
in Figures 5 and 6, and SI Figure S7.
An early indication of successfully retaining the free NPs in
the supernatant was its brown color. After preparation for SEM,
the supernatant sample shown at diﬀerent magniﬁcations in the
panels of Figure 5 and SI Figure S7 is clearly dominated by
structures formed by the drying of free NPs, as evidenced, for
example, by observing similarly large/thick aggregates of NPs
forming both on top of cells and on the supporting membrane
without any cells in direct proximity. Cracks in the NP
overlayer, e.g., visible around the “(a)” marker in Figure 5a, are
also likely drying artifacts, supporting the above interpretation.
Figure 5 thus clearly illustrates how diﬃcult (if not impossible)
it would be to ﬁnd indications of NP−cell interactions without
removing all free NPs after the co-incubation step.
Inferences from SEM Images for NP−Cell Interactions
in Solution. In contrast to artifact-dominated images in Figure
5, features likely produced due to NP−cell interactions in
solution are visible in SEM images that show the resuspended
pellet sample in Figure 6, at magniﬁcations similar to those in
Figure 5. The NPs bound to the bacteria in Figure 6 can be
presumed to have attached during co-incubation, as the bulk of
the unbound NPs clearly have been removed from this sample
during centrifugation. A close inspection of the supporting
membrane reveals that the removal of NPs not bound to the
cells has been remarkably successful. Observing only a trivial
number of free NPs, we conclude that any artifacts associated
with them can be considered negligible in these images.
Figure 3. Resolution of cell concentration measurements. OD640
values (a) and CFU counts (b) are compared for S. aureus suspensions
prepared as a dilution series with 20% increments. Error bars indicate
95% CIs (n = 4); data summarized in SI Table S2.
Figure 4. Sedimentation eﬃciency for S. aureus. For each rpm value,
OD640 was measured for a separate aliquot of the initial suspension.
The measured OD640 values (SI Table S3) for both supernatant (gray
bars, left axis) and resuspended pellet (red bars, right axis) are
represented relative to the initial OD640 ≈ 0.6; error bars indicate 95%
CIs, n = 2 from two separate experiments.
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Multiple features in panels of Figure 6 support the possibility
of making inferences about NP−cell interactions, based on
samples prepared using our protocols. Large diﬀerences in NP
loading of adjacent cells (Figure 6e), apparent clustering of NPs
around some of the cell adherence regions (Figure 6b), and the
prevalence of individual NPs or apparently loose NP aggregates
(indicated by observing discrete NPs or linear rather than 3D
aggregates on cell surfaces) are all examples of qualitative
features that could readily form during the co-incubation stage
due to NP−cell interactions, to which the discrete character
and localization of NP features may be attributed. Conversely,
formation of such discrete and localized features during the
stochastic processes, such as ﬁltering and drying, would be
much more diﬃcult to rationalize.
Considering the colloidal stability of NPs (Table 1) provides
additional insight for interpreting the NP aggregates observed
in Figures 5 and 6. Abruptness of sedimentation observed for
all our NPs strongly indicates that formation of even small NP
aggregates rapidly destabilizes the suspension. Accordingly, any
NP aggregates formed during the co-incubation step would be
pelleted during centrifugation. In contrast, any NPs retained in
the supernatant could not have been substantially aggregated
during co-incubation. The absence of large NP aggregates in
Figure 6 then supports the assumption that during co-
incubation the individual NPs dominated the NP−cell
interactions; conversely, the presence of aggregates in Figure
5 must be related to preparation artifacts.
We note that even though Figure 5 suggests that the
sedimentation eﬃciency for S. aureus cells in this experiment
did not reach the 90% range achieved in Figure 4, it clearly
remained above 50%; therefore, as discussed before, our
preparation protocol has successfully produced samples
amendable for elucidating the existence and properties of
solution-phase NP−cell interactions. While our model NPs had
not been functionalized to produce speciﬁc attachment to S.
aureus bacteria, SEM images in Figure 6 illustrate the feasibility
of future investigations of NPs attached to bacteria via putative
speciﬁc interactions.8,9 Furthermore, any bacteria that internal-
ize some of the NPs will be also naturally represented in NP-
cell samples prepared using our protocol. Our model NPs are
not designed to promote speciﬁc internalization and, indeed,
are not internalized in any signiﬁcant numbers, as conﬁrmed by
EDX measurements (SI Figures S8−S9). For appropriately
functionalized NPs, however, systematic analysis of their
internalization by bacteria will be an important area of future
analytical developments41,42 that can take advantage of our
protocols.
■ CONCLUSIONS
We developed and validated a protocol for producing samples
that are amendable for elucidating from SEM images the
existence and properties of solution-phase NP−cell inter-
actions. The proposed elements of the workﬂow, including the
initial separate investigations of colloidal stabilities for NPs and
cells, have been illustrated by successfully separating, via
diﬀerential sedimentation, and preparing for SEM character-
ization samples of NPs attached to S. aureus bacteria.
We used sedimentation thresholds as quantitative indices to
compare relative colloidal stability of NPs under centrifugation.
We found OD values to be suitable for quantifying
sedimentation of S. aureus cells under centrifugation after
systematically comparing bacterial enumeration via OD and
CFU methods. Our insights and methodology will be
important for future analytical developments for NP-bacteria
samples.
While illustrated using a speciﬁc model system, all the steps
of our protocol can be readily adapted to NPs or bacterial cells
Figure 5. SEM images of the supernatant after diﬀerential
sedimentation of an NP-cell mixture. Following Scheme 1b, free
OL-HT2 NPs remained in supernatant at 4000 rpm. NPs appear as
resolved bright objects (∼20 nm) or as aggregates; S. aureus cells
appear as spherical objects (∼700 nm). Panels b and c correspond to
the outlined regions in panels a and b, respectively.
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that have somewhat diﬀerent properties, particularly because
most biomedical applications involve cells and NPs that are
colloidally stable under a common set of conditions and oﬀer
possibilities for controlling the relative stabilities of the diﬀerent
components. Our approach thus should be generally applicable
Figure 6. SEM images of the resuspended pellet after diﬀerential sedimentation of an NP-cell mixture. After centrifugation at 4000 rpm, no free NPs
were expected in the pellet (Scheme 1). S. aureus cells appear as spherical objects (∼700 nm); numerous bright NPs (∼20 nm) and loose NP
aggregates are observed on cells but not on porous membrane support; panel b corresponds to the outlined region in panel a.
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for preparing samples that will enable direct and quantitative
investigations of interactions between NPs and bacteria.
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